In this study, we developed a comprehensive method for monitoring representative harmful algal bloom (HAB) species in Japan, namely, three dinoflagellates, Cochlodinium polykrikoides, Karenia mikimotoi, Heterocapsa circularisquama, and four raphidophycean flagellates, Chattonella antiqua, C. marina, C. ovata, and Heterosigma akashiwo; this was done by using a real-time PCR assay with primer sets and probes based on speciesspecific sequences in the D1/D2 region of 28S rRNA genes. For comprehensive monitoring, a DNA extraction protocol using cetyltrimethylammonium bromide (CTAB) was used. In this quantitative PCR assay, specially designed primer sets and probes showed species-specificity and even 1 cell of each harmful alga was detectable. Detection and quantification of HAB species were unaffected by either the growth phase of the algae or the existence of algae other than the target species in the culture. For environmental samples, this real-time PCR assay could be carried out more rapidly and easily, in addition to the similarity of the cell densities estimated by direct counting under a light microscope and by the real-time PCR assay. Moreover, the real-time PCR assay showed a higher sensitivity in seawater samples in which the harmful algae were not detected by direct counting.
"Red tide" is the name commonly used for the occurrence of harmful algal blooms (HABs) resulting from local or regional accumulations of a unicellular phytoplankton species that have a negative effect on the environment 1, 30) . Of the 5000 species of extant marine phytoplanktons, approximately 300 algal species can form red tides, and the distribution of these harmful algal species is extending all over the world 9) .
Chattonella spp. (Chattonella antiqua (Hada) Ono, C. marina (Subrahmanyan) Y. Hara et Chihara, and C. ovata Y. Hara et Chihara) (Raphidophyceae) have formed red tides in the coastal areas of Japan and caused mass mortality among hatchery fish, yellow tails, and sea bream. It was reported that C. antiqua, C. marina, and C. ovata produce reactive oxygen species (ROS) that cause necrosis of gill cells and a decline in the ability to transport oxygen in blood or to adjust the osmotic pressure 10, 19, 25, 29) , thereby resulting in mortality. Heterosigma akashiwo (Hada) Hada (Raphidophyceae), which distributes all over the world, has also been suggested to produce ROS and cause mass mortality of fish similar to C. antiqua 24) . Karenia mikimotoi (Gymnodinium mikimotoi) Miyake et Kominami ex Oda is one of the most harmful representative red tide dinoflagellates in Japan. Regarding the toxic factors of K. mikimotoi responsible for the fish kills, hemolysins have been identified as exotoxins 6) . K. mikimotoi causes mass mortality among not only fish but also bivalves and crustaceans, resulting in costs to fisheries.
Recently, a new type of red tide has been occurring frequently. Heterocapsa circularisquama Horiguchi (Dinophyceae) is a bivalve-specific killer 20, 23) . The red tides caused by H. circularisquama are triggered by a disturbance of water stratification 21) . Recently, a photosensitizing hemolytic toxin from H. circularisquama was purified and characterized 22) . Cochlodinium polykrikoides Margalef has formed harmful blooms in the Korean sea and recently, in the costal areas of Japan. It is one of the most harmful red tide dinoflagellates and is highly toxic to fish 27, 33) . It was reported that a cell-free aqueous extract prepared from C. polykrikoides had a toxic effect on HeLa cells 18) .
In order to minimize the damage to fisheries by HABs, strict monitoring of HAB species is vital. Although the detection and quantification of the above-mentioned HAB species have been performed thus far by direct counting based on morphological features, this method requires labor, time, and many skills. In addition, the morphology of the algae might change depending on the environmental conditions or their growth phases. Recently, monitoring methods that use the genomic information of harmful algae as more objective criteria, such as fluorescence in situ hybridization (FISH) and real-time PCR assays, have been developed to detect and quantify several harmful algae 3, 4, 5, 7, 11, 28) . This is because, unlike algal morphology, the sequences of the genes do not change depending on environmental conditions or the algal growth phase. Additionally, these assays appear to be rapid, accurate, simple, and effective for the mass investigation of samples. However, with the methods developed so far, only one genus or species of harmful algae can be targeted. In coastal areas, as well as Japan, several harmful algae distribute simultaneously and potentially cause harmful blooms. A comprehensive monitoring method for several harmful algae is necessary.
In this study, we tried to apply a rapid, accurate, and simple detection and quantification method by using a real-time PCR assay with a TaqMan probe to monitor the Japanese representative red-tide forming species, namely, C. polykrikoides, K. mikimotoi, H. circularisquama, H. akashiwo, and Chattonella spp. 26) First, we established an efficient DNA extraction method because a protocol that is able to extract DNA from all algae seems to be vital for an easy and rapid comprehensive monitoring of harmful algae using the real-time PCR assay. Second, we constructed a standard cuve for each species for the quantification of HABs. Third, we confirmed that the growth stages of algae and co-existence of non-target species did not affect the quantification by the real-time PCR assay. Last, we applied the real-time PCR assay to environmental samples.
Materials and Methods

Algal strains and culture conditions
Harmful algal strains were obtained from the National Institute for Environmental Study (NIES; Tsukuba, Japan) or were provided by I. Imai (Kyoto University) and K. Yamamoto (Fisheries Experimental Station of Osaka Prefecture). The strains were cultured in f/2 medium 8) at 20°C under a 14-h light: 10-h dark cycle with 100 µmol photons m −2 sec −1 . All species used in this study are listed in Table 1 with their origins.
DNA extraction methods
In order to develop an efficient DNA extraction method for the real-time PCR assay, six approaches were compared. The cells used for DNA extraction were collected by centrifugation at 10,000 rpm for 1 min. The six methods used in this study were as follows. The first was the TE boiling method in 100 µL of TE buffer (10 mM Tris-HCl: pH 8.0, 1 mM EDTA: pH 8.0); the second, the phenol/chloroform/ isoamylalcohol (PCI) method; and the third, the proteinase K and SDS method. These methods were conducted as described by Kamikawa et al. 15) , and pelleted DNA was suspended into 20 µL of TE buffer (pH 8.0). The fourth was a modification of the CTAB method described by Zhou et al. and Kamikawa et al., 15, 34) in which the cells were suspended in 100 µL of 2×CTAB buffer (2% Cetyltrimethylammonium bromide, 0.1 M Tris-HCl: pH 8.0, 20 mM EDTA-2Na: pH 8.0, 1.4 M NaCl, and 0.5% 2-mercaptoethanol) and incubated at 65°C for 60 min. After the incubation, the DNA was extracted with chloroform/isoamylalcohol (24/1), pelleted with 99.5% isopropanol, and rinsed with 80% ethanol. The pelleted DNA was suspended into 20 µL of TE buffer (pH 8.0). The fifth and sixth methods involved using the DNeasy Plant Mini Kit (QIAGEN, Tokyo, Japan) and the eZNA Miniprep Plant extraction Kit (Omega Bio-tek, GA, USA), respectively. These methods were performed according to the manufacturers' instructions. Each DNA extraction was performed in triplicate.
Designation of specific primers and probes
The primer sets and probes were designed by referring to the available sequences of D1/D2 regions in the 28S ribosomal RNA gene of C. polykrikoides (DDBJ/EMBL/GenBank accession numbers AF067861 and AY725423), K. mikimotoi (AY355460 and U92247), K. brevis (AF200677), H. circularisquama (AB049709), H. triquetra (AF260401), Alexandrium tamarense (U44934), A. catenella (AB088225), C. antiqua, C. marina, C. ovata (Hosoi-Tanabe, per. comm.), and H. akashiwo (AF042820 and AF086948). The sequences of primer sets and probes are listed in Table 2 . 
Real-time PCR
Gokasyo − + − − − Heterocapsa triquetra NIES7 Osaka Bay − − − − − Karenia mikimotoi NIES680 Uchiumi Bay − − + − − Karenia mikimotoi Bizen-Seto − − + − − Karenia mikimotoi Harima Nada − − + − − Karenia papilionacea Harima Nada − − − − − Alexandrium catenella ACY12 Yamakawa Bay − − − − − Alexandrium tamarense HAT18 Hiroshima Bay − − − − − Chattonella antiqua Harima Nada − − − + − Chattonella antiqua Osaka Bay b − − − + − Chattonella marina Harima Nada − − − + − Chattonella marina NIES121 Kagoshima Bay − − − + − Chattonella ovata Harima Nada − − − + − Chattonella ovata NIES603 Harima Nada − − − + − Heterosigma akashiwo Harima Nada − − − − + Heterosigma akashiwo 2 Osaka Bay b − − − − + Heterosigma akashiwo NIES145 Nomaike − − − − + a provided
Monitoring of cell density during cultivation
In order to investigate the cell density in various growth phases, cells were added to the f/2 medium until a density of 5 cells/mL was achieved. The cell density was then determined every three days by both direct counting and the realtime PCR assay. With direct counting, the number of cells per mL was counted under a light microscope. In the realtime PCR assay, DNA was extracted from the cells present in 1 ml of the f/2 medium and was used in the quantitative PCR assay. They were concentrated to 50 mL by natural filtration with a 3-µm Nuclepore filter (Whatman Japan KK, Tokyo, Japan). The cells in this 50 mL were then collected and divided into three 1.5-mL microtubes by centrifugation at 2,000 rpm for 1 min. Subsequently, the cells were pelleted by centrifugation at 10,000 rpm for 1 min. DNA was extracted from the environmental samples in the three tubes with the CTAB method as described above. For the quantification of harmful algal cells in the seawater, environmental DNA was subjected to the real-time PCR in triplicate with the DNA used for construction of the standard curves.
Environmental samples
Results
Development of a DNA extraction method
In order to develop an efficient DNA extraction method for a comprehensive quantitative PCR assay for five species of HABs, six methods of extraction were performed in triplicate with each harmful algal species. One microliter of each DNA solution was used in the real-time PCR assay, and the Ct values obtained were compared.
For C. polykrikoides, K. mikimotoi, and H. circularisquama, the DNA extracted by all six methods was detected in the real-time PCR assay ( Fig. 1-a, b , c). For C. polykrikoides, DNA could be extracted with the same efficiency by the TE boiling, PCI, and proteinase K and SDS methods (t test, df=4, p>0.05) ( Fig. 1-a) . All the DNA extraction methods for K. mikimotoi except that using the eZNA Miniprep Plant extraction Kit were similar in efficiency (t test, df=4, p<0.05) ( Fig. 1-b) . The most efficient extraction method for H. circularisquama was the proteinase K and SDS method (t test, df=4, p<0.05) ( Fig. 1-c) .
In contrast, for C. antiqua and H. akashiwo, DNA was not detected when extracted with the TE boiling, PCI, and proteinase K and SDS methods, but was extracted with the Fig. 1-d, e ). The Ct values determined by the real-time PCR assay were compared. The Ct value of the CTAB method showed the highest sensitivity and was significantly different from that of the other methods (t test, df=4, p<0.05).
With the CTAB method, all red tide-forming species used can be detected with high sensitivity and ease for the comprehensive monitoring of HABs. We regarded the CTAB method as an efficient DNA extraction method to be used with the real-time PCR assay for these HAB species.
Specificity of primers and probes
The species specificity of the primers and probes was confirmed. This was done by using primer sets and probes for each species in the real-time PCR assay with the DNA extracted by the CTAB method. The algae used in this study consisted of 13 dinoflagellate strains and 9 raphidophycean (Table 1) . Primer sets and probes for 5 red tide-forming species, which were designed based on the species-specific sequences in the D1/D2 region of the 28S rRNA gene, reacted only with the DNA of their target species. As expected, the primer set and probe for the Chattonella spp. reacted with the C. antiqua, C. ovata, and C. marina DNA. This is because the sequences of the ribosomal RNA gene family containing 18S, 5.8S, 28S, and internal transcribed spacer regions are identical among the three Chattonella species 13) .
Linearity of the real-time PCR assay
In order to measure the cell densities of the HAB species, C. polykrikoides GOTOH02, K. mikimotoi NIES680, the H. circularisquama and C. antiqua strains isolated from Harima Nada, and H. akashiwo NIES145 were used to construct standard curves for each species. Generally, standard curves are made by DNA dilution. However, this may affect the density of inhibitors in the DNA solution. Therefore, we constructed standard curves based on DNA extracted from different numbers of cells (1-10,000 cells). Serial dilutions of vegetative cells (1-10,000 cells) of each species were prepared, and then, the DNA was extracted by the CTAB method described in the Materials and Methods section. Species-specific real-time PCR assays were performed in triplicate with 1 µL of DNA, and the mean Ct values were obtained.
The correlation between the Ct values and the number of vegetative cells is shown in Fig. 2 . All correlations of five species were linear, and the coefficiencies were extremely close to 1.0.
Influence of algal growth phase and the coexistence of other algae in culture on the real-time PCR assay
In order to apply the real-time PCR assay to environmental samples, it is necessary to consider the influence of the growth phase of targeted algae and the coexistence of other algae on the assay. Therefore, we constructed the growth curves for five species based on direct counts made under the light-microscope and by real-time PCR assay. The growth curve of the C. polykrikoides culture is shown in Fig. 3 . From the lag phase to the late stationary phase, the cell density estimated by using the real-time PCR assay agreed well with the cell density obtained by direct counting. Similar results were obtained using both methods in the other four species as well (data not shown).
The influence of the coexistence of other algae on the real-time PCR quantification was then investigated. One hundred cells of C. polykrikoides, K. mikimotoi, H. circular-isquama, C. antiqua, and H. akashiwo were mixed, and subsequently, their DNA was extracted. One microliter of the DNA solution obtained was used in a real-time PCR assay that was performed with species-specific primer sets and probes. In the C. polykrikoides-specific real-time PCR assay, the fluorescence curve of the coexisting DNA of other harmful algae agreed well with the curve obtained from the single species DNA of 100 cells of C. polykrikoides (Fig. 4) . The experiment with harmful algae other than C. polykrikoides gave similar results (data not shown).
Investigation of the environmental samples by real-time PCR
In order to confirm the utility of the real-time PCR assay in environmental monitoring, seawater samples were collected from various areas of western Japan ( Table 3) . The real-time PCR assay was used for the detection and quantification of the cells of HAB species in environmental seawater, and the results were compared to those obtained from direct counting (Table 3 ). In order to avoid technical problems, such as contamination by pipetting, we also applied dH2O, instead of DNA, as a negative control with environmental samples and all the signals obtained in the real-time PCR assay were confirmed to be specific (data not shown). In direct counting, the samples, except for Nos. 6, 7, 8, 9, and 10, were confirmed to contain at least one species of harmful alga. Sample Nos. 3 and 4, in particular, were found to contain two harmful algae, namely, K. mikimotoi and H. akashiwo. Sample Nos. 1 and 2 were found to mainly contain Ceratium furca, Dinophysis caudata, and Coscinodiscus sp. under the light microscope, although they were not detected by the real-time PCR assay in this study. However, all environmental samples used in this study were found to contain harmful algae when tested with the realtime PCR assay. Further, the harmful species that were not detected by direct counting were found in the seawater samples by quantitative PCR assay (sample Nos. 1, 2, 3, 6, 7, 8, 9, 10, and 11). The consistency of the results on cell density inferred by direct counting and the real-time PCR assay in HAB species showed that both methods detected the algae in the same sample.
Discussion
In this study, we applied a real-time PCR assay to the monitoring of 5 species of harmful algae. This method could detect and quantify three dinoflagellates and four raphidophycean flagellates by using the DNA extracted with the CTAB method. Although such quantitative assays have been developed, only one genus or species of harmful algae could be targeted with each method 3, 4, 5, 7, 12) . This is the first report that describes the detection and quantification of several harmful algae at once. For the vegetative cells of Alexandrium, simple methods of detection using fluorescence microscopy, such as FISH which uses probes targeting rRNA, have been developed 11, 17, 28) . Although with such methods one can distinguish living cells from dead ones, one cannot be sure of detecting vegetative cells, especially in the extinction phase, using methods that are dependent on the amount of rRNA because the intensity of RNA labeling tends to change with the algal growth phase or the environmental conditions 2) . The real-time PCR assay targeting genomic DNA could accurately detect and quantify DNA even in the lag, log, stationary, and extinction phases of the culture (Fig. 3) . In the future, DNA-based and RNA-based methods should be used as a control for each other.
The use of proteinase K and SDS was reported to be efficient for single-cell DNA extraction, PCR amplification, and sequencing of rRNA genes from some dinoflagellates 16) . The proteinase K and SDS method was also efficient for real-time PCR assays targeting the rRNA genes of three dinoflagellates, namely, K. mikimotoi, H. circularisquama, and C. polykrikoides, though not for the two raphidophycean flagellates, namely, C. antiqua and H. akashiwo (Fig. 1) . The cells of C. antiqua and H. akashiwo commonly contain large amounts of polysaccharides 31, 32) . With the CTAB method, such substances can be eliminated with a surfactant, cetyltrimethylammonium bromide. Further, the CTAB method was able to extract the DNA of three dinoflagellate vegetative cells efficiently ( Fig. 1a-c) . Therefore, this method is efficient for the comprehensive monitoring of HABs, containing both dinoflagellates and raphidophycean flagellates. A DNA sample extracted by using the CTAB method can be applied to a quantitative PCR assay for several HABs. Moreover, our CTAB method could extract DNA from even 1 cell in all the target species (Fig. 2 ). This is a powerful method for monitoring low density algal cells.
In this study, the primer set and probe for the Chattonella spp. that were used in the real-time PCR assay reacted with the C. antiqua, C. ovata, and C. marina DNA because the rRNA genes of these species have the same sequence 13) . Therefore, this real-time PCR assay detects and quantifies these three Chattonella species together as Chattonella spp. The Chattonella spp. are classified based on their morphological features. However, they do not have a rigid cell wall, and their morphological characteristics tend to vary depending on the environmental conditions and growth phase. The C. marina culture tends to resemble that of C. antiqua 14) . Strict monitoring of the Chattonella spp. based on morphology and the sequence of the ribosomal RNA gene family is difficult. Gene markers other than rRNA, which can distinguish between C. antiqua, C. marina, and C. ovata, are required for a more detailed monitoring of HABs.
From all the standard curves constructed in this study, it may be possible to quantify at least one vegetative cell of all harmful algae. This sensitivity is significantly high and suitable for monitoring prior to the occurrence of algal blooms. It is more important to detect extremely low densities of harmful algal cells and estimate the occurrence of HABs in the future than to quantify these cells in the existing HABs. Generally, an r 2 of 0.99 or better was appropriate, while r 2 value of our standard curves were 0.96-0.99. This was caused by the method used to construct the standard curve; our method is cell-dilution as described in the Materials and Methods section, while the general method is DNA dilution. The sensitivity and quantitative accurateness of the realtime PCR assay has been shown for environmental samples (Table 3 ). This assay could detect several coexisting harmful algae. In the case when K. mikimotoi and H. akashiwo competed and Chattonella spp. existed simultaneously at low density, 0.6 cells per mL, direct counting detected only such predominant species and could not detect minor species. However, these minor species were detected by the real-time PCR assay. We pelleted the cells in 500 or 1,000 mL of seawater in this study and therefore the real-time PCR assay could detect even 1 cell/L. However, direct counting can detect 1,000 cells/L because it is generally based on the observation of the cells in 1 mL of seawater.
This point also supports the greater sensitivity of the realtime PCR. The assay seems to be able to estimate the transition of cell density and the predominant species even for red tides involving several harmful algal species. Hereafter, we can apply real-time PCR assays to more environmental samples and investigate the dynamics of HABs before the occurrence and upon the extinction of blooms. Our realtime PCR assay for HABs is very useful for the investigation of species dynamics in harmful blooms. We can rapidly adopt a countermeasures against red tides, based on accurate monitoring using the real-time PCR assay, to prevent the mass mortality of cultured fish. Further, it is not known how C. polykrikoides, K. mikimotoi, and H. circularisquama can survive in unsuitable growth conditions. As Alexandrium cysts in marine sediments can be detected and quantified with the real-time PCR assay (Kamikawa et al. unpublished) , this assay will be useful for identifying the places where the HAB species live in unsuitable conditions. Our real-time PCR assay will 
